Embryo development is a complex and tightly controlled process. Nanoparticle injury can affect normal development and lead to malformation or miscarriage of the embryo. However, the risk that these nanoparticles may pose to reproduction is not clear. In this study, chitosan nanoparticles (CSNP) of near uniform size, in the range of 100 nm, were synthesized and confirmed by a particle size analyzer and transmission electron microscopy. Morulae-stage embryo exposure to CSNP during in vitro culture caused blastocyst complications that had either no cavity or a small cavity. Furthermore, CSNP-treated embryos showed lower expression of not only trophectoderm-associated genes but also pluripotent marker genes. When blastocysts developed in both media with and without CSNP were transferred to recipients, the percentage of blastocysts resulting in viable pups was significantly reduced. These detrimental effects are linked to the reduction of total cell numbers, enhanced apoptosis, and abnormal blastocoels forming at the blastocyst stage, indicating that CSNP treatment might have long-term adverse biological effects in view of pregnancy outcome.
INTRODUCTION
Nanotechnology plays an important role in areas such as photonics, catalysis, magnetic, materials and manufacturing, nanoelectronics, and biotechnology, including cosmetics, pharmaceutics, and medicines [1] [2] [3] [4] . Chitosan is a nontoxic biodegradable polycationic polymer with low immunogenicity. Being a polycationic, nontoxic, biodegradable, and biocompatible polymer, chitosan has attracted much attention and has wide applications in the biotechnology, pharmaceutical, textile, food, cosmetics, and agricultural industries [5, 6] . It has been extensively investigated for formulating carrier and delivery systems for therapeutic macrosolutes [7, 8] . Moreover, cationic polymers play an important role in both membrane adhesion [9] and lysosomal escape [10] of the encapsulated DNA, providing a potential explanation for the superiority of polymer-mediated gene transfer relative to naked DNA administration in many applications.
Earlier studies [11, 12] evaluated chitosan in humanenhanced body-weight loss without caloric restriction by leading to fat excretion due to binding and trapping of dietary fat. However, there is little evidence to support the claims that, in humans, chitosan causes clinically significant fat malabsorption and that it subsequently leads to weight loss [13] . Despite the lack of supporting evidence, chitosan-based diet products continue to flourish and to be touted as safe natural products to ''trap the fat.'' In addition to diet food and the drug delivery system, another related issue is whether dietary food influences reproduction, such as ovulation and reproduction. Until now, only a few studies have explored this connection [14] . They focused mainly on the relationship between fat intake and characteristics of the menstrual cycle, such as cycle length and the duration of different phases of the cycle.
Nanomedicine has long been a model favored in the future of medicine. Despite its importance in development and the need for a basic understanding of chitosan nanoparticles (CSNP), the risk these nanoparticles may pose to human health must be addressed because it has been shown that nanoparticles can be administered to the human body by several routes. Even though several studies addressing the cytotoxicity of CSNP have been reported [15] [16] [17] [18] , most studies are limited to cytotoxity according to CSNP size and cell line [15] [16] [17] . Recently, Huiying et al. [19] demonstrated that N-succinylchitosan nanoparticles (NSCNP) induces apoptosis in K562 cells by decreasing the cell zeta potential, disrupting the mitochondrial membrane potential (MMP), and increasing reactive oxygen species (ROS) generation and Ca 2þ concentration. Another study shows that NSCNP induces accumulation of cytochrome c in cytosol and elevating the expression of apoptosis-promoted protein Bax while depressing the expression of apoptosis-restrained protein Bcl2 in a time-and dosedependent manner [20] .
The toxicity of chitosan nanoparticles needs to be evaluated in embryo development aspects because extensive research into their biomedical applications was based largely on the biodegradable and biocompatible profile of chitosan. Recently, Hu et al. [21] reported that exposure of embryos to CSNP and ZnO nanoparticles resulted in a decreased hatching rate and increased mortality, including a bent spine, pericardial edema, and an opaque yolk in zebrafish embryos. Also, intravenous injection of silica and titanium dioxide nanoparticles with diameters of 70 and 35 nm caused pregnancy complications in mice, and these nanoparticles were found in the placenta, fetal liver, and fetal brain [22] . The effects of chitosan solutions on intestinal cells have been extensively investigated [23] [24] [25] . Absorption enhancement was found to depend on both molecular weight and degree of deacetylation. Schipper et al. [23] [24] [25] observed a modest increase in effective atenolol permeability after perfusion of atenolol through rat ileal sections for 2 h with or without 250-lg/ml chitosan solutions. However, studies related to risk of CSNP nanoparticles on mammalian pre-and postimplantation embryo are limited and have not yet been studied. Here we report, for the first time, that the culture of mouse preimplantation embryos in media containing 10-200 lg/ml CSNP impaired blastocyst expansion and hatching and also resulted in higher rates of resorption after embryo transfer.
MATERIALS AND METHODS

Materials
Sodium tripolyphosphate and five different molecular-weight chitosan, derived from crab shell, in the form of fibrils flakes were obtained from SigmaAldrich. All other chemicals were purchased from Sigma-Aldrich unless stated otherwise.
Preparation of CSNP
CSNP were prepared as described earlier by Gan et al. [26] . Chitosan solutions of different concentration and molecular weight were prepared by dissolving purified chitosan with sonication in 0.1 M acetic acid solution until the solution was transparent. Once dissolved, the chitosan solution was adjusted to pH 3.0, 3.5, 4.0, 4.5, and 5.0 with 1 N NaOH. Tripolyphosphate (TPP) was dissolved in deionized water at the concentration 1 mg/ml. The chitosan solution was flush mixed with TPP solution, and the formation of chitosan-TPP nanoparticles was started spontaneously via the TPP-initiated ionic gelation mechanism. The nanoparticles were formed at selected pH. The nanoparticle suspensions were gently stirred for 60 min at room temperature before being subjected to centrifugation. The CSNP samples were centrifuged at 15 000 rpm for 10 min, and then the supernatant was discarded to remove free chitosan. Again the pellet was dissolved in water and sonicated undissolved residues, and nanoparticles solutions were taken for further analysis and applications. In order to distinguish between chitosan and other nanoparticle effects in blastocyst development, we used gold nanoparticles (AuNPs) with 100-nm diameter with a stabilized suspension in 0.1 mM PBS (catalog no. 753688; Sigma-Aldrich) as a benchmark.
Characterization of CSNP
The particle size of distribution was measured by Zetasizer Nano ZS90 (Malvern Instruments Ltd). Transmission electron microscopy (TEM; JEM-1200EX) was used to determine the size and morphology of CSNP. Ten microliters of nanoparticle suspension were placed on a copper grid, the excess liquid was removed with a piece of filter paper, and then the grid was air-dried. Samples were visualized at a 300-kV setting.
Animals
The mice were housed in wire cages at 22 6 18C under a 12L:12D cycle with 70% humidity and fed ad libitum. All experiments were conducted in accordance with the Konkuk University Guide for the Care and Use of Laboratory Animals (IACUC approval no. KU12045).
Collection of Mouse Morula-Stage Embryos
Female ICR mice (age 6-8 wk) were superovulated by injection of 5 IU of equine chorionic gonadotropin (eCG), followed 48 h later by the injection of 5 IU of hCG, and then mated with male ICR mice. The day a vaginal plug was found was defined as Day 0 of gestation. Plug-positive females were separated for experimentation. Morulae were obtained by flushing the uterine tubes on the afternoon of postmating 2.5 days using Chatot-Ziomek-Bavister (CZB)-HEPES medium.
Embryo Transfer and Collection of Fetuses
To examine the ability of CSNP-treated blastocysts to implant and develop in vivo, cycling female mice were mated with vasectomized males to produce pseudopregnant mice as recipients for embryo transfer. Embryo transfer was performed according to our previous protocol [27] . To estimate embryo survival, 20 controls and CSNP-treated blastocyst embryos were transferred to both uterine horns of Day 2.5 pseudopregnant mice, respectively. Eighteen days after embryo transfer, surrogate mice were killed. The frequency of implantation and numbers of fetuses were calculated as the number of implantation sites or survival per number of embryos transferred. The weights of the surviving fetuses and placenta were measured immediately after dissection.
TUNEL Assay
To evaluate the apoptotic response of CSNP in blastocysts, a TUNEL) assay was performed using the In Situ Cell Death Detection Kit (Roche). DAPIlabeledor TUNEL-positive nuclei were observed under a fluorescence microscope. Approximately 10 blastocysts per treatment group were used in the TUNEL assays in each independent experiment.
Measurement of Mitochondrial Membrane Potential
MMP was measured by staining with 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolyl carbocyanide iodide (JC-1; Molecular Probes). Cells were incubated in CZB containing 5.0 mg/ml JC-1 for 15 min at 378C in the dark. Cells were washed with CZB, excited at 488 nm, and then observed at either 510 nm (green mitochondria) or 590 nm (red-to-orange mitochondria) with the confocal imaging system.
Extraction and Amplification of mRNA
Approximately 10 blastocysts were washed in Ca þ2 -and Mg þ2 -free PBS, snap frozen in liquid nitrogen, and stored at À708C. The mRNA from pools of control and CSNP-treated blastocysts was extracted using the Dynabeads mRNA Direct Kit (Dynal Ase) according to the manufacturer's instructions. For reverse transcription, total mRNA in a final volume of 20 ll (containing 0.5 mg oligo-dT, RT buffer [13] , 10 mM dithiothreitol, and 10 mM dNTP) was subjected to reverse transcription at 378C for 50 min, followed by 708C for 15 min, and products were stored at 48C until use. Because of the low concentrations of the extracted mRNAs, the integrity and purity of the preparations could not be verified. The PCR reactions were performed according to the instructions of the real-time PCR machine manufacturer (DNA Engine Opticon 3 fluorescene detection system, MJ Research). The threshold cycle (Ct) value represents the cycle number at which sample fluorescence rises to a statistically significant level above the background [28] . Quantitative RT-PCR (qRT-PCR) reactions were performed using a kit from BioRad. Each RT-PCR reaction mixture was composed of 4 ll cDNA and 10 pm/ll of the appropriate forward and reverse primers ( Table 1 ). The PCR program was as follows: denaturation (958C for 10 min), amplification and quantification repeated 40 times (958C for 10 sec, 55-608C for 30 sec, and 728C for 30 sec with a single fluorescent measurement), melting curve analysis (65-958C, with a heating rate 0.28C/sec and continuous fluorescence measurement), and final cooling to 128C. Tests were performed in triplicate, and the relative quantification of gene expression was analyzed by the 2-ddCt method. In all experiments, GAPDH mRNA was used as an internal standard (Supplemental Fig. S1 , available online at www.biolreprod.org).
Histopathological Examination of Apoptosis in Various Organs by TUNEL Assay
To clarify the relationship between toxicity of CSNP and placental dysfunction, we examined placenta in CSNP-treated mice using TUNEL staining. Hematoxylin-eosin staining was performed according to a previous procedure [29] . The placenta of mice treated with CSNP showed variable structural abnormalities when compared to control mice. Apoptosis in CSNPtreated groups was restricted primarily to cytotrophoblast and syncytotrophoblast cells from the placenta.
Statistical Analysis
Each experiment was repeated four to five times to obtain 40-100 embryos per treatment. The data were subjected to arcsine transformation for each replication. The transformed values were analyzed using one-way ANOVA; P , 0.05 was defined as indicating statistical significance.
RESULTS
Preparation and Characterization of CSNP
Particle size is one of the most significant determinants in mucosal and epithelial tissue uptake of nanoparticles and in the PARK ET AL. intracellular trafficking of the particles. In order to overcome the penetration problem of larger nanoparticles, we successfully prepared CSNPs of about 100-nm size by ionic crosslinking of chitosan with TPP. Dynamic light scattering (DLS) measurement was performed in aqueous solution to elucidate the size of chitosan nanoparticles. It was found that the average size of chitosan was 95 nm (Fig. 1A) . The morphological characteristics of synthesized nanoparticles were examined using high-resolution TEM. The TEM image reveals that uniform size of CSNP maintained a round shape with homogeneous structure, and the diameter of these particles was about 100 nm (Fig. 1B) .
Impact of CSNP on Blastocyst Development
To define the role of CSNP from morula to blastocyst development, in vivo-derived morulae-stage embryos were cultured in the presence or absence of various concentrations of CSNP (0, 10, 20, 40, 60, 80, 100, or 200 lg/ml) in CZB culture medium for 24 h of in vitro culture (IVC). A representative photograph of blastocysts developed in IVC medium supplemented with the previously indicated doses of CSNP for the 24 h of IVC is shown in Figure 2A . The addition of CSNP during IVC significantly decreased the expanded blastocyst development in a dose-dependent manner except at 10-lg/ml CSNP concentration (Fig. 2B ). In addition, to show the difference between chitosan and other known nanoparticle effects on blastocyst development, we used different concentrations of AuNPs (10, 50, 100, and 200 lg/ml) as a reference. The results of this experiment indicate that AuNPs have no significant toxicity at the level of 200 lg/ml (Table 2) .
At 24 h after IVC, control embryos formed fully expanded blastocysts and started to hatch from their zonae pellucidae. Even though morula-stage embryos cultured with CSNP were morphologically indistinguishable from controls, blastocyststage embryos had a variable phenotype in blastocoel formation (Fig. 2D) . Bright-field images show representative CSNP-treated embryos with different sizes of blastocoels relative to control littermates. The length and width of the blastocoel were measured on confocal images, and the area was calculated as length 3 width: average blastocoel size of individual control-derived blastocyst-stage embryos is designated as normal (100%). Embryos cultured with more than 100 lg/ml of CSNP had either no cavity (0% blastocoel, 17.24 6 2.2%), a small cavity (30% blastocoel, 20.69 6 1.1%), or a middle cavity (80% blastocoel, 48.28 6 2.5%) that was less than the size of control embryos (13.79 6 1.7%; Fig. 2C ). Collectively, these results indicate that CSNP treatment during IVC has negative effects on embryo development.
Effect of CSNP on Proliferation of Cells in Blastocyst-Stage Embryos
Since material properties affect the kinetics of cell death, it is possible that the mechanisms of nanomaterial-mediated cell toxicity vary depending on the composition of material interactions with each cell type. ROS generation has been suggested to be an initial cellular response to nanomaterial internalization [30] and, later, cell death. To further determine the effects of CSNP on proliferation of embryo, cell counting was used to assess cell proliferation in blastocysts treated with CSNP for 24 h. We found that even at lower concentrations of (10 lg/ml), CSNP was also able to block proliferation of cells in blastocyst-stage embryos (Fig. 3A) . Incubation with 10 lg/ ml (2.0 6 0.5) and 100 lg/ml (11.75 6 1.7) of CSNP caused a significant reduction of proliferation and 2.6-and 15.6-fold increased cell death compare to control (0.75 6 0.3), respectively (Fig. 3B ). However, a massive occurrence of apoptosis was slightly decreased at higher CSNP concentrations (200 lg/ml, 8.88 6 1.5) than 100 lg/ml (11.75 6 1.7), and maximum cell death occurred between 10 and 100 lg/ml. We also observed that the total numbers of cells were significantly reduced when compared with control cells (Fig.  3B ). Of note, the effect of CSNP on cell apoptosis was more pronounced in the inner cell mass (ICM) than in the trophectoderm (TE; Fig. 3A ). Here we demonstrated that CSNP decreases cell proliferation and also increases the number of cell deaths in both ICM and TE cells, suggesting harmful effects on embryo implantation and development.
Effects of CSNP on TE/ICM-Specific Gene Expression in Blastocysts
During mouse preimplantation development, TE/ICMspecific genes are required in vivo and in vitro for the establishment and maintenance of the pluripotent ICM in blastocysts Therefore, we examined the effect of CSNP on TE/ ICM-specific gene expression by qRT-PCR on CSNP-treated blastocysts. In this study, CSNP-treated heterogeneous blastocysts showed lower expression not only of TE-associated genes, such as Cdx2 and Krt8, but also of the pluripotent marker gene Pou5f1 and Sox2, whereas Klf4 and Eomes gene expression did not significantly differ (Fig. 4, A and B) . 
Impact of CSNP on MMP
Up-regulation of mitochondrial activity is a feature of TE differentiation. To investigate alternative mechanisms of nanomaterial-mediated cytotoxicity in blastocysts, we examined the changes of MMP in blastocysts after CSNP exposure. The MMP was determined with JC-1 probe by laser scanning confocal microscopy (LSCM; Fig. 5A ). The green/red fluorescence intensity ratio was used to express the changes of MMP, and the increased ratio indicates a decrease of MMP. The upper panel of Figure 5A shows the MMP level of control blastocyst, and lower panel indicate the status of CSNP-treated blastocyst. The LSCM results showed that the elevated level of the red ratio to the increase of CSNP exposure indicating the MMP changes was due to an effect of CSNP treatment. The MMP of blastocyst-stage embryos by CSNP exposures showed significant differences compared with the control. Further gene expression analysis demonstrated that the reduction in mitochondrial activity was mediated by the lower expression of genes involved in both ATP synthesis (Atpaf1) and ATP consumption (Atp1b1; Fig. 5B ). Of note, gene expression in blastocyst-stage embryos that have either no cavity or a small cavity was significantly more down-regulated than those of blastocyst-stage embryos with normal cavity size, indicating that blastocyst-stage embryos that have either no cavity or a small cavity have both reduced mitochondrial activity and a defect of TE cells.
CSNP Induces Apoptosis
Casp-3/7 activation was found in some nanoparticleexposed embryos. Caspase activation may lead to apoptosis of CSNP-treated blastocyst-stage embryos. Therefore, we examined caspases-cascade expression, consisting of cysteine-aspartic acid proteases well known for their vital role in the initiation as well as the execution of apoptosis [31] . The results of real-time quantititative RT-PCR clearly indicated that upregulation of Casp3 was dose dependent in mouse blastocyststage embryos treated with 10-200 lg/ml of CSNP (Fig. 6 ) compared to the housekeeping GAPDH gene. In addition, expression of other caspases, such as Casp6 and Casp9, was also increased after exposure to CSNP. Furthermore, on treatment of CSNP in treating mouse blastocyst-stage embryos, the expression levels were increased in apoptotic markers Bax, including Bad and Bak1, while antiapoptotic marker Bcl2 expression was decreased (Fig. 6) . The results show the involvement of the caspase signaling (Casp9, Casp6, and Casp3) pathway due to dysregulation of Bcl2/Bax expression in the apoptotic cell death of mouse blastocyst-stage embryos treated with CSNP. The expression of Bax increased and the expression of Bcl-2 decreased in a dose-dependent manner, suggesting that Bax/Bcl2 was involved in the CSNP-induced apoptosis.
The Effect of CSNP on the Size of the Blastocyst and Development-Associated Gene Expression Profile Important genes associated with blastocyst developmental competence were selected for gene expression analysis in the presence and absence of CSNP treatment. Each of these genes, B3gnt5 (cell differentiation and adhesion), Wnt3a (development), and Eomes (TE differentiation), were expressed in every individual blastocyst [32] . To find out the underlying mechanism between hatching failure and gene expression in CSNP-treated mouse embryos, the individual blastocoel area of CSNP-treated embryos was compared with the average blastocoel size of the control. According to the cavity size of blastocyst, CSNP-pretreated blastocyst-stage embryos were classified as four groups with 0%, 30%, 80%, and 100% cavity size (Fig. 7A) . CSNP-pretreated blastocyst embryos that had either no cavity (0% cavity) or a small cavity (30% cavity) showed a significant decrease in expression of B3gnt5, Wnt3a, and Eomes (Fig. 7B) , whereas gene expression in blastocyst embryos that had a 100% cavity did not differ between CSNP treatment and control groups. Taken together, these observations suggest that failure to hatching or implantation might be caused by these compromised blastocyst embryos.
Effects of CSNP on Blastocyst with Survival to Term, Litter Ratio, and Placenta Weight
To find out the effects of CSNP on blastocyst development in vivo, untreated control and CSNP-pretreated mouse blastocysts were transferred. At 18 days posttransfer, CSNP-treated groups had fewer implantation sites and fetuses than those of controls (Fig. 8) . The implantation ratio in the CSNP-pretreated group was significantly different from that of the untreated control group (Fig. 8A) . However, the proportion of implanted embryos that failed to develop normally was significantly lower in the CSNP-pretreated group. Embryos that implanted but failed to develop were subsequently resorbed. Interestingly, there was a significant difference in early resorption rate between the CSNPpretreated and control groups, but the CSNP-pretreated group had a significantly later resorption rate than the untreated control group. Fetal weight is a vital part and important indicator of developmental status, and we used the average fetal weight of the untreated control group as the key FIG. 1 . Characterization of CSNP. The particle-size distribution of CSNP was determined by DLS. The average particle size was found to be 100 nm (A). TEM micrographs confirmed the nanosize of dried chitosan particles and show the distribution of uniform sizes of 100-nm particles (B). Bar ¼ 500 lm.
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indicator for measuring the development of CSNP-treated blastocysts. The results showed that the CSNP-treated group had a higher body weight (0.8 g) than the control (0.6 g). While observing placental weight, there was no significant difference in placental weight between the CSNP-treated and CSNP-untreated groups (Fig. 8B ), but fetal weight was slightly higher in the CSNP-treated group than controls. All these findings indicate that CSNP exposure at the blastocyst stage reduces embryo implantation and the potential for postimplantation development.
Histological Evaluation of Apoptosis Using TUNEL
In order to evaluate the effect of CSNP on apoptosis, tissue sections of various organs, such as placenta, lung, liver, and 
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kidney, were stained with TUNEL for evaluating DNA fragmentation. Enumeration of apoptotic nuclei (about 200 cells were counted) was made of slides picked up at random by three independent experimenters. We measured the level of apoptosis in control and CSNP-derived placenta, lung, liver, and kidney using the TUNEL assay (Fig. 9) . Whereas apoptotic cells were barely detectable in control groups, there was a marked elevation in apoptosis in organs derived from CSNPtreated groups: an enhanced apoptosis signal in lung, liver, and kidney was detected in alveoli, hepatocyte, and proximal tubules. We found significant abnormal tubular degeneration in the lung and liver but no difference in brain and heart tissues (data not shown). However, fetal loss was observed in both sexes equally, as the litter sex ratio did not differ between treatments (45.46% and 37.84% males for controls and high CSNP, respectively; data not shown). The data from the current study are reinforced with the previous hypothesis that placental dysfunction has been associated with miscarriage and fetal growth restriction. The present study suggests that CSNPinduced embryo toxicity may have long-lasting adverse effects on embryo development. Based on our results, we propose a hypothetical model that explains that various signaling pathways could be involved in the treatment of blastocyst with CSNP (Fig. 10) .
DISCUSSION
The increasing use of nanomaterials has raised concerns about their potential risks to human health. Recent studies have shown that nanoparticles can cross the placental barrier in pregnant mice and cause neurotoxicity in their offspring, but a more detailed understanding of the effects of CSNP on pregnant animals remains elusive. Due to specific features of biocompatibility and biodegradability, chitosan has been applied in drug delivery systems to prepare microspheres or nanospheres for encapsulation of drugs, enzymes, proteins, and DNA [33] . Several studies have been reported using chitosan nanoparticles as drug carrier molecules [5, 6] . However, the potential toxic effects of CSNP on embryo development are still lacking. The present study demonstrated that CSNP-treated embryos showed lower developmental competency and reduction of total cell numbers, including TE and ICM.
Particle size and surface properties are important factors influencing nanoparticle interactions at the biological interface, including nanotoxicology [18] . In this study, chitosan nanoparticles of near uniform size, in the range of 100 nm, were synthesized, and their size was confirmed by TEM (Fig. 1) . Our results suggest that CSNP significantly decreases the expanded blastocyst development in a dose-dependent manner at except 10-lg/ml CSNP concentration (Fig. 1) . In addition, it significantly inhibits cell proliferation and induces apoptosis in the ICM and TE of mouse blastocysts and leads to impairment of the developmental potential of blastocysts. The TE arises from the trophoblast at the blastocyst stage and develops into a sphere of epithelial cells surrounding the ICM and the blastocoel; these cells contribute to the placenta and are required for development of the mammalian conceptus [34] , meaning that a reduction in the TE cell lineage may reduce implantation and embryonic viability [35] .
To determine why CSNP-pretreated blastocysts failed in blastocoel formation or hatch from the zona pellucidae, we performed gene expression studies by qRT-PCR on CSNPtreated blastocysts. In this study, CSNP-treated embryos showed lower expression not only of TE-associated genes, such as Cdx2, Krt8, and Atp1b1, but also of the pluripotent marker gene Pou5f1, Sox2, and Klf 4 (Fig. 4) , which have been reported to play crucial roles in the TE/ICM formation. Even though somatic cell nuclear transfer (SCNT) embryos has lower TE-and ICM-specific gene expressions compared to those of normal fertilized-derived blastocyst embryos, some of the SCNT embryos successfully developed to term [36] . This observation suggestes that implantation and full-term failure might be caused by other underlying mechanism rather than a low TE/ICM-specific gene expression, such as Pou5f1 and Cdx 2 genes.
To find out the underlying mechanism between hatching failure and gene expression in CSNP-treated mouse embryos, average blastocoels size of individual control-derived blastocyst-stage embryos was calculated and is designated as ''normal blastocoel size.'' In our study, embryos cultured with more than 100 lg/ml of CSNP had either no cavity (0% blastocoel, 17.24 6 2.2%), a small cavity (30% blastocoel, 20.69 6 1.1%), or a middle cavity (80% blastocoels, 48.28 6 2.5%) that was smaller than that of control embryos (13.79 6 1.7%). A previous study [32] reported that blastocysts that resulted in complete implantation failure showed a significant decrease in expression of B3gnt5, Wnt3a, and Eomes. When blastocysts implanted but were absorbed (nonviable implantation), a significant decrease was observed in Wnt3a and Eomes or B3gnt5 and Eomes expression. Another study reported that Eomes has also been shown to be essential for mouse trophoblast formation, where Eomes-null embryos arrest at the blastocyst stage and TE from these embryos fails to differentiate into trophoblast cells, suggesting that Eomes is necessary for TS cell self-renewal or differentiation [37] . Also, disrupting the B3gnt5 gene leads to preimplantation lethality, which potentially is caused by a defect of the lactoseriesderived glycosphingolipids (GSL) pathway and possibly by destabilization of other enzymes involved in GSL biosynthesis [38] . It is possible that CSNP-treated blastocyst-stage embryos are not entirely normal with respect to gene expression. Therefore, those with relatively minor errors in gene expression will develop to expand the blastocyst and then ultimately develop to full term. Taken together, these findings suggest that 
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decreased B3gnt5, Wnt3a, and Eomes gene expression in CSNP-treated blastocyst-stage embryos are responsible for negative implantation as well as nonviable implantation.
An earlier report suggests that mitochondria play a crucial role in regulation of cell death. Under extreme conditions (e.g., high Ca2þ, oxidative stress), mitochondria undergo drastic changes, accompanied by a decrease of the mitochondrial potential, de-energization, swelling, and permeabilization of the inner membrane [39] . A drastic decrease of MMP was observed in chitosan nanoparticle-treated human gastric carcinoma cells, indicating that the mitochondrial membrane is damaged [17] . Furthermore, the occurrence of mitochondrial dysfunction is rapidly followed by or nearly coincident with the loss of plasma membrane integrity [40] . In this study, fluorescence microscopic observation of control blastocyststage embryos (Fig. 5) shows completely polarized mitochondria forming J-aggregates as red dots. In contrast, the treatment with CSNP resulted in the depolarization of the mitochondrial membrane in blastocyst-stage embryos, as evident from the loss of the red dots and simultaneous increase of green fluorescence (Fig. 5) . Further gene expression analysis demonstrated that the reduction in mitochondrial activity was mediated by the lower expression of genes involved in both ATP synthesis (Atpaf1) and ATP consumption (Atp1b1). Taken together, the present observations indicate that the adverse changes in mitochondrial function due to CSNP, with a possible association of intracellular ROS production, trigger the apoptosis process.
Although apoptosis is responsible for eliminating unwanted cells during normal embryonic development, this process does not normally occur at the blastocyst stage [41, 42] . Excessive apoptosis before or during the blastocyst stage is likely to delete important cell lineages, impacting embryonic development and potentially leading to miscarriage or embryonic malformation [43] . Thus, our observation that CSNP treatment reduced the cell number and increased apoptosis in the ICM and, to a lesser extent, in the TE of mouse blastocysts led us to investigate the possibility that CSNP treatment could cause mortality and/or developmental delay in postimplantation mouse embryos in vitro and in vivo. Our results revealed that CSNP-treated blastocysts suffered from decreased implantation and embryonic death both in vitro and in vivo.
Two major apoptotic signaling pathways have been defined. The mitochondria-dependent pathway is responsible for extracellular cues and internal insults, such as DNA damage. Cytotoxic stress causes proapoptotic members of the Bcl2 In vivo-derived morulae-stage embryos were cultured in the presence of 200 lg CSNP/ml in CZB culture medium for 24 h of IVC. A) Individual blastocyst with different cavity after CSNP treatment were analyzed. B3gnt5, Wint3a, and Eomes gene expression analysis was carried out in individual blastocyst with different cavity (0%, 30%, 80%, and 100%) revealed differential gene expression profiles. B) Control and CSNT-treated-blastocyst with 100% cavity displayed increased expression of B3gnt5, Eomes, and Wnt3a, whereas CSNT-treated blastocyst with the small size of cavity showed a significant decrease in gene expression of B3gnt5 and Wnt3a. The experiments were performed in triplicate; data shown represent the mean of three independent experiments. Error bars represent SEM; groups marked with different letters (a-c) are significantly different from each other at P , 0.05.
family, such as Bax, to translocate from the cytosol to mitochondria, leading to the release of cytochrome c into cytosol [44] . Cytochrome c then binds to the apoptotic protease activation factor 1 (Apaf-1) and forms a heptamer complex called the apoptosome [45] . Apoptosome recruits and activates Casp9, which in turn activates the downstream executioner caspases, such as Casp3, Casp6, and Casp7 [46, 47] . The second apoptotic pathway is triggered by death-receptor superfamily members through the activation of Casp8, which can directly activate downstream caspases and lead to cellular degradation. Caspases are cysteine-aspartic acid proteases wellknown for their vital role in the initiation as well as the execution of apoptosis [48] . Among several types of caspases, the activation of Casp3 is crucial for cellular DNA fragmentation [49] . The results of real-time qRT-PCR (Fig. 3c) indicate up-regulation of Casp3, as compared to housekeeping GAPDH gene, in a dose-dependent manner in mouse blastocyst-stage embryos treated with 10-200 lg/ml of CSNP. Additionally, real-time qRT-PCR analysis (Fig. 6) clearly demonstrates that the expression levels of Casp6 and Casp9 increased after exposure to CSNP. Furthermore, the changes in antiapoptotic Bcl2 and apoptotic Bax, including Bad and Bak1, expression in treating mouse blastocyst-stage embryos were significantly decreased or increased, as evident from real-time qRT-PCR analysis (Fig. 6) . The results indicate the involvement of the Caspase signaling (Casp9, Casp6, and Casp3) pathway due to dysregulation of Bcl2/Bax expression in the apoptotic cell death of mouse blastocyst-stage embryos treated with CSNP.
Normal placental development is required for embryonic growth, and placental dysfunction has been associated with miscarriage and fetal growth restriction [50, 51] . Several studies have suggested that many chemical toxins in air, water, and foods can induce pregnancy complications in humans [52, 53] .
The data from the current study are reinforced with a previous hypothesis that placental dysfunction has been associated with miscarriage and fetal growth restriction. Fetuses are known to be more sensitive to environmental toxins than adults; the present study suggests that CSNP-induced embryo toxicity may have long-lasting adverse effects on embryo development. The results presented here demonstrate that CSNP treatment might have long-term adverse biological effects in view of pregnancy outcome. Therefore, the findings of this study may help to better define the roles played by CSNP during embryo development in preclinical mouse model.
In recent years, chitosan nanoparticles have been used as a delivery vehicle for nasal, ocular, and peroral drug delivery in order to prolong contact time and improve drug absorption. However, little is known about the potential toxicity of nanoparticles used in targeted drug delivery and gene therapies in terms of potential risk to human health. Current studies are aimed at investigating the dose-dependent toxicity of CSNP in cell survival, embryo development, and blastocoel formation. CSNP-treated embryos impair the mitochondrial function and down-regulation of genes responsible for development and eventually cause structural and functional abnormalities in the placenta. Overall, this study validates the idea that human and mouse have mostly similar biochemical and biophysical properties. Thus, these in vitro data could complement the currently available and future findings from animal studies to elucidate the toxicity of CSNP and its role in embryonic development. Thus, the conclusions of mouse studies to elucidate the toxicity of CSNP and its role in embryo development may be extrapolated to apply to human biology. In addition, this study would help us to create safer nanomaterials. 
